Abstract. Long-term (2003Long-term ( -2015 satellite-derived sea-ice extent, sea surface temperature (SST), and lower 10 tropospheric methane (CH 4 ) of the Barents and Kara Seas (BKS) were analyzed for statistically significant 11 anomalies and trends for 10 focus areas and on a pixel basis that were related to currents and bathymetry. Large 12 positive CH 4 anomalies were discovered around Franz Josef Land (FJL) and offshore west Novaya Zemlya in early 13 fall. Far smaller CH 4 enhancement was around Svalbard, downstream of known seabed seepage. 14 Strongest SST increase was southeast Barents Sea in June due to strengthening of the warm Murman Current 15 (MC) and in the south Kara Sea in September, when the cold Percey Current weakens and the MC strengthens. 16
4a, KS, black dashed line), which the MCC crosses (Boitsov et al., 2012) . These data reveal long-term trends with 351
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Fig. S2 for details of Kara Sea currents). 359
The Percey Current (PC) transports cold, low saline, Arctic surface water into the Barents Sea east of Svalbard 360 (Supp. Fig. S1 ). The intersection of the Percey Current with the warmer, high saline waters of Atlantic origin in the 361
Barents Sea gives rise to the Barents Sea Polar Front (Oziel et al., 2016) , whose location is controlled by seabed 362 bathymetry, i.e., it is semi-stationary (Gawarkiewicz and Plueddemann, 1995) . This front is part of a unique frontal 363 system due to its combination with the seasonally ice-covered zones in the northern, central, and eastern Barents Sea 364 (Vinje and Kvambekk, 1991) . As a result, this front tends to exhibit enhanced phytoplankton blooms (Fer and 365 Drinkwater, 2014) and variability (Falk-Petersen et al., 2000) . The PC merges with the East Spitsbergen Current 366 (ESC) and flows up the west Spitsbergen coast, inshore of the WSC, as the Spitsbergen Coastal Current (SCC), 367 leading to the Barents Front looping around Spitsbergen (Svendsen et al., 2002 ).s -1 , which are mostly from the south (Kolstad, 2008) . In spring, winds are similar, but displaced to the south. In the 373 summer, winds blow to the south over most of the Barents Sea, except from the west off Svalbard, with average 374 summer winds of ~6 m s -1 (Kolstad, 2008) . In the fall, winds are similar to the summer, but stronger (~8-10 m s -1 ) 375 and strongly northerly between Svalbard and Greenland. Decadal-averaged air temperatures on Bear Island have 376 been rising (~2.5°C) since 1980 (Boitsov et al., 2012) , about four times larger than the global atmospheric trend over 377 the same period of ~0.6°C (http://eca.knmi.nl/). 378 Kara Sea hydrography is controlled by the freshwater outflow of the Ob and Yenisei Rivers ( Fig. 2b ; Supp. 379 Fig. S2 ), which contribute 350 and 650 km 3 yr -1 , respectively (Stedmon et al., 2011) , about double that of the 380 Mississippi. Sediment from these estuaries lead to the northeast Kara Sea being mostly shallow (< 50 m). The 381 western Kara Sea is deep (mostly >100 m), descending to below 500 m in the Novaya Zemlya Trough (Polyak et al., 382 2002) . River outflows are primarily (>75%) between May and September. As a result, east Kara Sea surface waters 383 can be brackish. The inflow of modified Atlantic water from the Barents Sea supplies the deeper water in the trough. 384
Cooler surface water from the MCC, local runoff, and ice from the north flow into the NZCC, some of which returns 385 to the Barents Sea through the Kara Strait. The trough is dense and fully saline. Cooler surface water from the Arctic 386
Ocean flows south in the narrow and weak Novaya Zemlya Coastal Current (NZCC) and exits through the Kara 387 Straits. Additionally, there is a strong, submerged, cool southward flow of Arctic Ocean water along the Novaya 388
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Ten focus areas ( Fig. 4a ; Table 1 for locations) were selected based on the location of Barents and Kara Seas 395 currents and ice formation dynamics to investigate the effect of the significant differences between winter and 396 summer ice coverage. These focus areas are grouped into 5 oceanographic types. The most northerly focus areas 397 
Barents Sea In situ 408
In situ CH 4 measurements were made by cavity enhanced absorption spectroscopy (Los Gatos Research Inc., 409 Mountainview, CA). Both transits followed a very similar trajectory (Supp. Fig. S3 ) and found very strong, 410 localized, CH 4 anomalies -see Supp. Fig. S3 for full dataset. These anomalies were far from shore, indicative of 411 local (i.e., marine) not distant (i.e., terrestrial) sources. The only reasonable explanation is seep bubble plumes -412 vessel exhaust was ruled out -see Supp. Material Sect. 2 for more details. 413
FIGURE 5 HERE 414
There was an abrupt drop in CH 4 around 72°N for the outwards transit, which increased again around 75°N. 415 This depressed CH 4 portion of the transit corresponded fairly closely with where the vessel left the warm Murman 416
Coastal Current (Supp . Fig. S4a) . The strongest anomaly, to 2000 ppb, was observed on the southwards transit 417 where the MCC rises over the sill into the Santa Anna Trough (78.7°N), close to the focus area shown in Fig. 3 . 418
The two transits were separated by about a month with the September transit higher by ~30 ppb than in August, 419 consistent with strong seasonal CH 4 trends. There were other significant differences. Whereas there were many 420 narrow, implying local, CH 4 anomalies during the southwards transit, there were far more than during the 421 northwards transit and the peak at 78.7°N was not repeated, indicating variability in the emissions. the east fork of the NAC (A7-A10). Of these, A7, A8, and A9 also cover banks -offshore areas of elevated seabed 430 topography. Grouping of focus areas with similar trend patterns into these three Barents Sea regions was based both 431 on physical oceanography and the detailed character of these trends, described below. 432 deviation, supporting its classification as an outlier (Fig. 7a) . 438
The similarity in ice coverage trends for area A3 (along the cold Percey Current) with areas A1 and A2 (along 439 the Murman Current's warm, northward leg) suggests not only increasing northward heat transfer, but also 440 weakening southward cold-water advection. Area A4 (northwest of Svalbard) also shows decreasing ice coverage 441 towards more frequent year-round ice-free status and lies at the Arctic Ocean boundary (Fig. 6b) , albeit more under 442 the influence of warmer NAC waters than those under the influence of the Murman Current in the north-central 443
Barents Sea (A1-A3). The Central Bank of the Barents Sea (Fig. 6c, A10 ) last saw an ice-covered month in 2005, 444 while a noisy trend of decreasing ice coverage is evident offshore coastal southwest Novaya Zemlya (Fig. 6c, B9) , 445 along the western fork of the Murman Coastal Current. 446
Overall, all focus areas are trending towards year-round ice-free, with the entire Barents Sea likely to be year 447 round ice free by ~2030 based on an extrapolation of trends in Northern Barents Sea focus areas, A1-A3. 448
FIGURE 7 HERE 449
SST increases in all focus areas ( Fig. 7) albeit at rates spanning a wide range, from 0.0018 to 0.15 °C yr -1 (see 450   Table 1 ). In the Northern Barents Sea, the strongest warming trend is for area A1, east of Franz Josef Land. This is 451 located in a marginal ice zone, in the path of the warm MC. Area A3 shows the weakest warming trend lies along 452 the cold Percey Current. These trends also are consistent with a strengthening of warm currents and weakening of 453 cold currents inferred from the changes in ice coverage. For the Northwest of Barents focus areas (Fig. 7b, A4-A6) , 454 the strongest warming is at the northernmost focus area, A4, whereas the weakest trend is for the southernmost focus 455 area (Fig. 7, A6 ). This also is consistent with a strengthened northwards penetration of the warm NAC forming the 456 Bear Island Channel Current (BICC). 457 13 The Cryosphere Discuss., https://doi.org/10.5194/tc-2018-75 Manuscript under review for journal The Cryosphere Discussion started: 14 May 2018 c Author(s) 2018. CC BY 4.0 License.
Barents Sea, water-column temperature data -primarily the long-term Kola Section data, which due to the 574 importance of the Murman Current was directly relevant. 575
The proposed source of the atmospheric CH 4 anomaly is seabed seepage from either thermogenic sources, i.e., 576 petroleum hydrocarbon reservoirs (Judd and Hovland, 2007) , or degradation of submerged permafrost and hydrates 577 (Shakhova et al., 2017) . Both permafrost and hydrate deposits can include both thermogenic and biogenic CH 4 . 578
These emissions largely are as bubbles (Judd and Hovland, 2007) because the microbial filter generally removes 579 aqueous-enriched CH 4 fluid emissions from sediments to the water column (Reeburgh, 2003) . As a bubble rises, it 580 loses CH 4 to the water column by dissolution, transporting the remainder. Larger bubbles vertically transport a 581 greater fraction of their contents more efficiently than smaller bubbles (Leifer and Patro, 2002) . Some portion of the 582 dissolved fraction is transported vertically by the bubble-driven upwelling flow (Leifer et al., 2009) . The remaining 583 fraction may either diffuse to the atmosphere by turbulence or be oxidized microbially. In the deep sea, all the 584 dissolved CH 4 likely is oxidized, where given the relevant depth scale is the winter wave mixed layer (WWML) 585 based on microbial oxidation timescales (Rehder et al., 1999) . The Arctic WWML can extend to 100-200 m. In 586 shallow water (e.g., less than 20 m), most seep bubble CH 4 reaches the sea surface, with the portion decreasing for 587 smaller bubbles or depth (Leifer and Patro, 2002) . For example, Leifer et al. (2017) showed that for the Laptev Sea 588 that ~25% of seabed CH 4 from 70 m reaches the sea surface directly, consistent with sonar observations of bubble 589 plumes reaching the sea surface (Leifer et al., 2017) . CH 4 that is deposited deeper in the wave mixed layer (WML) 590 likely diffuses to the atmosphere rapidly, although stratification powerfully suppresses this transport. Storms 591 breakdown this stratification (Leifer et al., 2015) sparging all the dissolved CH 4 to the atmosphere (Shakhova et al., 592 2013) . Thus, CH 4 emissions that are deposited (by dissolution) into the WWML but below stratification may escape 593 many months later and distant from their seabed origin. In the process, the dissolved CH 4 drifts with currents, which 594 if driven upslope, transports the CH 4 to shallower depths, potentially into the WML where it can escape to the 595 atmosphere, termed shoaling. 596
In practical terms, bubble transport means that seepage extends the depth of the WWML for CH 4 by 50-100 m, 597
i.e., 150-300 m, extending the depth that storms can sparge dissolve CH 4 to the atmosphere. This implies, CH 4 from 598 seabed seepage over a significant fraction of the Barents Sea (Fig. 2b) can reach the WWML, or can be transported 599 by currents into shallower waters (shoaling) into the WWML. Positive, localized, atmospheric CH 4 anomalies can reflect local seabed production and vertical transport to the 609 atmosphere, or lateral near-seabed transport and shoaling that elevates the dissolved CH 4 into the WML and then air 610 sea exchange into the atmosphere, or transport from a distant source. Detangling these processes leverages the 611 strength of the continuous and synoptic view of satellite datasets compared to the high spatial and temporal 612 resolution snapshot provided by field campaigns. 613
One unlikely source of CH 4 anomalies for the Barents and Kara Seas is atmospheric transport as there is neither 614 significant local industry, nor extensive wetlands/terrestrial permafrost nearby and downwind for the prevailing 615 winds. Note -synoptic systems can transport CH 4 from northern Europe or Russia to the Barents Sea area, but 616 synoptic system winds are not dominant (prevailing) and thus play a small role in a time-averaged dataset. 617
Moreover, these terrestrial sources are distant, implying extensive anomaly size scale in the Barents Sea. 618 Additionally, they would decrease with distance from northern Europe. Instead, the anomalies are localized and 619 decrease towards Europe. Although the oil production and pipeline infrastructure on the Yamal Peninsula and near 620 Kolguyev Island (Supp. Fig. S7 ) likely are strong CH 4 sources, they are downwind of the prevailing winds for the 621 Barents and Kara Seas. 622
Local versus Transported and the Importance of Shoaling 623
In this study we explore the likelihood that atmospheric CH 4 anomalies result from local generation and vertical 624 transport to the sea surface, versus distant lateral transport by currents prior to vertical transport to the sea surface. 625
Areas of accelerated CH 4 increasing trends were closely related to the path of the Murman Current as it flows 626 towards the Kara Strait rather than depth (Fig. 11) . Both the rising seabed bathymetry and the presence of both 627 southwards and northwards currents through the Kara Strait imply strong mixing and thus transport to the 628 atmosphere. Along this path are significant offshore petroleum hydrocarbon reservoirs, which could be seeping CH 4 629 into the waters of the Murman Current. Further evidence for transport and shoaling is the spatial distribution of CH 4 630 around Kolguyev Island (north of the White Sea), which increases faster on its western side than its eastern side, 631 even though the sea to the island's east is shallower. In fact the CH 4 spatial pattern correlates better with shadowing 632 in the island's lee from shoaling currents, rather than with seabed depth. Prevailing winds are from the south-633 southeast / north-northeast (Kubryakov et al., 2016) Focus study boxes (numbered); coordinates listed in Supp. Table S1 . between Franz Josef Land and Novaya Zemlya (Fig. 2b, 
